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Regional distribution of atrial electrical changes 
induced by stimulation of extracardiac and 
intracardiac neural elements 
Autonomic nerves and intrinsic cardiac neural elements are known to influence the electrophysi- 
ologic and dynamic properties of the heart. This study describes the regional distribution in the 
canine atria of electrophysiologic effects induced by stimulation of the right and left cervical 
vagosympathetic complexes, the right atrial ganglionated plexus, and the right and left stellate 
ganglia. Local atrial effects were determined from changes in QRST area of unipolar electrograms 
recorded from multiple sites with plaque electrodes sewn onto the atria in 16 anesthetized dogs. 
Results: (1) Although being very consistent in any given preparation, atrial changes varied between 
animals when similar neural structures were stimulated. (2) Among the common features identified 
between preparations, consistent effects were induced by neural stimulation i  the region of the sinus 
node, indicating that this atrial region is the most richly innervated. (3) All other egions of the atria 
could be affected by stimulation of either ight-sided or left-sided efferent nerves. (4) Responses to 
right atrial ganglionated plexus stimulation after atropine administration indicated that the 
corresponding fat pad contains both sympathetic and parasympathetic neural elements. Conclusion: 
This study demonstrates that there is considerable overlapping of atrial innervation affecting all 
regions of the atria, as well as the sinus node region. (J TtlORAC CARDIOVASC SURG 1995;109:377-88) 
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E lect r i ca l  stimulation of intrinsic cardiac neural 
elements has been demonstrated to influence elec- 
trophysiologic and dynamic properties of the human 
heart.l, 2 It has also been proposed as a method to 
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modify supraventricular rhythmias. 3' 4 Moreover, 
any autonomic imbalance occurring after cardiopul- 
monary bypass procedures may contribute, at least 
in part, to the pathophysiology of postoperative 
atrial arrhythmias. 4' 5 
Autonomic nerves affect cardiac chronotropism, 
dromotropism, and inotropism through their effer- 
ent projections to the sinus node, atrioventricular 
(AV) node, and atrial musculature. Thus, methods 
used to study the functional innervation of the atria 
in the canine heart, the preferred preparation in 
most investigations of cardiac innervation, have 
relied on changes in heart rate and pacemaker 
location, AV conduction time, and contractile re- 
sponses. 6-9 Parasympathetic postganglionic efferent 
neurons have been localized in the right atrial 
ganglionated plexus, a collection of neural elements 
contained in a triangular fat pad on the ventral 
aspect of the right atrial free wall (pulmonary vein 
fat pad), as well as a ganglionated plexus located in 
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fatty tissues overlying the junction of the inferior 
vena cava and inferior left atrium. 1°-13 Their func- 
tional properties and, particularly, the hypothesis 
that selective parasympathetic efferent innervation 
of the sinus node and AV node may occur through 
the right atrial and inferior left atrial ganglionated 
plexi, respectively, were investigated through selec- 
tive stimulation 1°' 14 or surgical removalJ 5-18 How- 
ever, little information is to be found on functional 
pathways to regions of the atria other than the sinus 
and AV nodes. Furthermore, previously reported 
data indicating that the right atrial ganglionated 
plexus might contain sympathetic as well as para- 
sympathetic efferent neural elements 14need to be 
further investigated. 
The repolarization phase of the cardiac action 
potential, too, is very sensitive to parasympathetic 
and sympathetic nerve stimulation. Therefore, re- 
fractory period determinations have been used to 
study regional atrial effects in response to stimula- 
tion of the right and left vagosympathetic complexes 
and stellate ganglia. 19-21 However, the use of refrac- 
tory period measurements is limited by the fact that 
only one site can be sampled at a time and that each 
determination requires everal seconds to complete. 
Several variables that can be extracted from the 
unipolar electrogram--QRST area, 22 activation- 
recovery interval, 23 QT interval, and T-wave ampli- 
tude 24 have been used to determine ventricular 
patterns of efferent sympathetic innervation (for 
review, see reference 25). When used in conjunction 
with a multichannel recording system and multiple 
electrode array, variables extracted from unipolar 
electrograms can be measured from many sites on a 
beat-to-beat basis, so that the spatial distribution of 
electrical responses induced by stimulation of spe- 
cific efferent autonomic neural elements i analyzed 
with a high degree of spatial and temporal resolu- 
tion. 
The area of QRST deflections in the unipolar 
waveform is a measure of electrical forces generated 
by local variations in action potential duration. 26 
This variable is measured by an integration process 
in which the areas of positive deflections are added 
and the areas of negative deflections are subtracted, 
positive and negative deflections being defined with 
reference to the isoelectric diastolic baseline. This 
variable is theoretically independent of the se- 
quence of activation. Previous reports have sug- 
gested that QRST deflection area may be useful to 
determine changes in recovery properties. 22' 27 Re- 
cently, we 28 have reported studies in which QRST 
area changes at multiple sites were used to map 
ventricular patterns of efferent sympathetic innerva- 
tion. In our experience, this method avoids prob- 
lems encountered during determination of QT in- 
tervals at individual recording sites because of 
ambiguous end points, that is, multiphasic or low- 
amplitude T waves and slurred transition back to 
isoelectric baseline. In the present study, we used 
QRST area measurements to detect regional 
changes in atrial electrical activity induced by stim- 
ulation of individual neural elements, namely, the 
right and left vagosympathetic complexes, the right 
and left stellate ganglia, and the right atrial gangli- 
onated plexus. This study provides a descriptive 
analysis of the specific projections of efferent auto- 
nomic neural elements onto the atria. 
Methods 
Sixteen mongrel dogs, weighing 25 to 30 kg, were 
anesthetized with sodium thiopental (15 mg/kg) and 
~-chloralose (100 mg/kg). Anesthesia was maintained with 
a-chloralose administration, as required. After initiation 
of positive-pressure v ntilation with a Harvard respirator 
(Harvard Apparatus Co., Inc., S. Natick, Mass.), the right 
and left cervical vagosympathetic trunks were exposed via 
a midline neck incision and sectioned. A bilateral thora- 
cotomy was performed inthe fifth intercostal space. Loose 
ligatures were placed around the right and left stellate 
ganglia. The heart was placed in a pericardial cradle. 
Bipolar electrodes used for pacing were sutured onto the 
left atrial appendage and right ventricle. Atrial and ven- 
tricular electrograms, a lead II electrocardiogram, and 
systemic arterial pressure were monitored on a polygraph 
(Nihon Kohden Corp., Tokyo, Japan) and stored on 
magnetic tape (Hewlett-Packard instrumentation re- 
corder, Hewlett-Packard Co., Palo Alto, Calif.) through- 
out the experiments. 
To facilitate the analysis of several atrial unipolar 
electrograms without interference from ventricular QRS 
complexes, complete AV block was induced by formalde- 
hyde injection (0.1 to 0.5 ml of a 37% solution) into the 
His bundle region with a 22-gauge needle introduced into 
the right atrial cavity through the right atrial free wall. The 
needle was guided by palpating the triangle of Koch with 
the index finger. Between periods of nerve stimulation, 
the ventricles were paced at a frequency of 100 beats/min. 
Atrial mapping. Unipolar electrograms were simulta- 
neously recorded from multiple sites equally distributed 
over the total epieardial surface of the right and left atria 
by means of flexible templates made from a double layer 
of reinforced Silastic silicone rubber sheets (Dow Corning 
Corp., Midland, Mich.) carrying 63 (five preparations) or
127 (eleven preparations) recording contacts (Fig. 1). Five 
such templates were shaped to be implanted over the right 
atrial free wall, posteroinferior wall of the left atrium and 
coronary sinus, posterior aspect of the left atrium (tem- 
plate inserted between the inferior pulmonary veins), left 
atrial free wall, and interatrial band, respectively. Unipo- 
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lar electrograms recorded with reference to the Wilson 
central terminal were amplified, filtered (0.05 to 200 Hz), 
multiplexed, digitized at 1 KHz, and stored on a hard disk 
with a 128-channel data acquisition system (Institut de 
G6nie Biom6dical, Universit6 de Montr6al). 29 Files were 
later retrieved for data analysis, as described herein. 
Experimental protocol. Selected nerves were stimu- 
lated supramaximally with bipolar stainless steel elec- 
trodes connected to a Grass SD9 square-wave stimulator 
(20 Hz, 2 msec, 5 to 10 V) (Grass Instrument Co., Quincy, 
Mass.). The right and left cervical vagosympathetic com- 
plexes, the right and left stellate ganglia, and three to four 
loci in the right atrial ganglionated plexus were stimu- 
lated, in turn, for a period of 25 seconds during which 
ventricular pacing was interrupted (Fig. 2). Responses to 
neural stimulation were studied during spontaneous 
rhythm and constant atrial pacing at a cycle length of 350 
msec to avoid possible rate-dependent changes in repo- 
larization. Digitized electrograms were recorded with the 
computer system throughout the period of stimulation 
and stored on disk as 26-second files of continuously 
recorded ata. Data presented below were obtained at the 
time of maximal chronotropic hanges. Data were also 
stored under baseline conditions between periods of stim- 
ulation. Data obtained during each period of neural 
stimulation were compared with control data obtained 
before stimulation. To study the effects of sympathetic 
neural elements possibly existing in the right atrial gangli- 
onated plexus, we repeated the stimulation of this struc- 
ture under muscarinic blockade (atropine sulfate 1 mg/kg 
given intravenously). 
Data analysis. QRST isoarea maps were generated to 
determine the magnitude and regional distribution of 
repolarization changes in response to stimulation of indi- 
vidual nerves. With the use of custom-made computer 
software, files containing 1 second of data were retrieved 
from disk and each signal was displayed on a video screen 
to adjust a baseline joining successive isoelectric segments 
occurring between the T and QRS waves of atrial electro- 
grams. The net area under the QRS complex and T wave 
of each electrogram was computed by an integration 
process by means of a modification of Simpson's tech- 
nique and a custom software that added the values of 
sample sectors multiplied by the duration of each sam- 
piing period (Institut de G6nie Biom6dical, Universit6 de 
22 25 27 28 Montr6al). ' ' ' For overall quantitative assessment of 
repolarization changes, the difference between pre-stimu- 
lation QRST area value and that measured uring stim- 
ulation was calculated at each site (Fig. 3). The statistical 
distributions of changes induced in response to stimula- 
tion of each nerve were plotted by means of the SYSTAT 
software package. 3° One-way analysis of variance 
(ANOVA) was performed with the use of data from 
electrode sites for which repeated measurements were 
available for all nerves. A significant outcome of the 
ANOVA was followed by univariate F test comparisons 
between responses to each nerve, on one hand, and 
changes between two sets of data obtained under basal 
conditions (control trial), on the other hand (the Bonfer- 
roni correction for multiple comparisons with the same 
control was used). So that regional effects could be inves- 
tigated, the atrial grid was conceptually divided into eight 
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Fig. 1. Mapping grid (A) and subdivision of the atrial 
surface into eight anatomic regions (B). The atrial sur- 
faces are unfolded and viewed from a posterior projec- 
tion. Anatomic orifices are indicated by abbreviations. A,
Dots indicate sites where a total of 127 unipolar elec- 
trodes were recorded. SUP, Superior aspect; INF, inferior 
aspect; IVC, orifice of the inferior vena cava; LAA, left 
atrial appendage; PV, pulmonary veins; RAA, right atrial 
appendage; RAGP, right atrial ganglionated plexus 
(hatched area). B, Region 1, sinus node and medial right 
atrial wall; region 2, right atrial free wall; region 3, right 
atrial appendage; region 4, inferior left atrial wall; region 
5, superior left atrial free wall; region 6, medial eft atrial 
appendage; region 7, interatrial band; region 8, mid- 
posterior left atrium. 
anatomic regions (as indicated in Fig. 1, B) and statistics 
for each region were computed from algebraic summation 
(see below, Fig. 4) or absolute values, including data from 
all experiments. The significance of changes computed for 
each region in response to stimulation of each nerve was 
tested with respect o the null hypothesis (no change) with 
the t test. Statistics are presented as mean + standard 
deviation. Atrial rates were compared between basal state 
and each period of neural stimulation by means of the 
t test. Changes in activation patterns were studied from 
isochronal maps generated by methods previously de- 
380 Page et aL 
The Journal of Thoracic and 
Cardiovascular Surgery 
February 1995 
,~ OFF v 
II . . . . .  - -  
V-PACING >1 ~V-PACIN6 -> 
OFF ON 
,~a- i i i i i i i i i i i i i i i i i i i i i i i i i i i i  i i i I , 
A B 
I I I I l I, I I " -T- I" -  
P, AI"E 
0 
Fig. 2. Pacemaker shift in response to stimulation of the right vagosympathetic complex (RVSC). The 
upper tracings (lead II electrocardiogram [ECG] and atrial electrogram [AEG] show that, in canine 
preparations with AV dissociation, ventricular pacing (V-pacing) was temporarily interrupted to study atrial 
activity without interference from ventricular activity. The atrial tachogram (third trace) shows a decrease 
in spontaneous rate on RVSC stimulation. Isochronal maps are shown for a sinus beat (A) and atrial beat 
(B) occurring during RVSC stimulation. In A, the earliest activation (0 to 10 isochrone line) was detected 
in the region of the sinus node. Note that the region of earliest activity was shifted inferiorly in the right 
atrial wall during RVSC stimulation. Isochronal lines are drawn at 10 msec intervals. 
scribed. 4 The incidence, among preparations, of specific 
regional effects was assessed by counting the number of 
preparations that displayed QRST area changes beyond a 
threshold of -+ 100 mV. msec corresponding to 2 standard 
deviations of changes obtained when measurements were 
repeated under basal conditions. The spatial distribution of 
changes in response to stimulation of a given nerve was 
represented as an isoarea map generated by plotting 
QRST area values (millivolts times milliseconds) recorded 
at each recording site on the atrial grid using color-coded 
zones including points displaying values within a given 
range (see below, Fig. 5). The epicardial area (square 
centimeters) encompassed by neurally induced changes 
was calculated on the basis of the number of electrode 
sites displaying changes beyond the +_100 mV. msec 
threshold, assuming a mean area of 0.6 cm 2 covered by 
each recording site. Experimental procedures were car- 
ried out in accordance with the guidelines of the Canadian 
Council for Animal Care 31 and closely monitored by an 
institutional animal care committee. 
Results 
Effects on atrial rhythm. Atrial rate decreased, in
all preparations, in response to stimulation of either 
the right or left cervical vagosympathetic complexes 
(from 116 + 29 beats/min to 48 _+ 60 beats/min, p < 
0.001), and there was a concomitant caudal shift of 
the atrial pacemaker (see Fig. 2). Stimulation of the 
right stellate ganglion increased the atrial rate in all 
preparations (171 + 48 beats/min, p < 0.001), but 
stimulation of the left stellate ganglion had this 
effect in only 11 of 16 animals (141 + 34 beats/min, 
p < 0.01). Significant bradycardia (at least 20% 
increase in control cycle length) occurred in re- 
sponse to electrical stimulation of the right atrial 
ganglionated plexus at a mean of three loci per 
preparation. Atrial fibrillation was initiated when 
the stimulating electrode was positioned in a periph- 
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Fig. 3. QRST area changes during neural stimulation. Traces show superimposed unipolar electrograms 
recorded under basal conditions and during stimulation of the LVSC. Two selected electrograms showing 
changes of opposite polarity are illustrated. Recording sites are indicated on the atrial grid. Neural 
stimulation affected primarily the T wave (arrows) of unipolar electrograms. These neurally induced 
changes in T-wave morphology were expressed as positive (left-hand electrogram) or negative (right-hand 
electrogram) QRST area changes. 
era1 region of the fat pad or when it penetrated too 
deeply. Atrial fibrillation also occurred in 20% of 
vagosympathetic complex stimulation trials. 
Neurally induced QRST area changes. Unipolar 
atrial electrograms (see Fig. 3) displayed depolar- 
ization (QRS) complexes and repolarization (T) 
waves commencing immediately after the depolar- 
ization complex, a classic feature of the atrial elec- 
trogram relating to the fact that phases 2 and 3 of 
atrial action potentials cannot be distinguished. 32
Under basal conditions, most unipolar electrograms 
recorded from the atrial surface displayed low- 
amplitude T waves of either positive or negative 
polarity. QRST area changes, expressed as differ- 
ences between values measured uring neural stim- 
ulation minus those measured before stimulation, 
consisted primarily of changes in T-wave amplitude 
and polarity (see Fig. 3). The quality of electrograms 
allowed calculation of QRST area in 88.4% of the 
recordings made under basal conditions and in 84% 
to 89% during neural stimulation. 
When measurements were repeated under basal 
conditions to assess the control variability of QRST 
area changes, the changes were found to be normally 
distributed, displaying a mean value close to zero ( -  1 
mV.msec) and a standard deviation of _+51 
inV. msec. When each nerve was stimulated, positive 
and negative changes occurred, but there was a signif- 
icant overall effect associated with nerve stimulations 
by comparison with the control situation (ANOVA, 
p < 0.05). The absolute value of changes (i.e., their 
magnitude, whether positive or negative) in each atrial 
region during stimulation of each nerve varied from 
56 _+ 47 to 271 _+ 257 mV.msec. Responses were 
significant in all regions for all nerves, except for 
changes in region 8 in response to left stellate ganglion 
stimulation (56 _+ 47 inV. msec). When the polarity of 
changes was taken into consideration, significant 
changes displaying a dominant polarity (either positive 
or negative) occurred in specific atrial regions in 
response to each nerve (see Fig. 4). The most consis- 
tent effect was a positive polarity change in the right 
RV~ I ~1~-  
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Fig. 4. Regional patterns of QRST area changes in response to stimulation of individual nerves. On each 
diagrammatic representation f the atrial surface, shaded areas indicate significant changes of a positive 
(dark) or negative (light) polarity. In response to RVSC stimulation, significant positive changes occurred 
in the medial right atrial wall (Fig. 1, region 1), the lateral right atrial free wall (region 2), and the interatrial 
band (region 7). In region 1, changes of a similar polarity but smaller magnitude occurred in during left 
vagal stimulation (LVSC). In contrast o RVSC stimulation, LVSC produced changes of the opposite 
polarity in the lateral right atrial free wall and interatrial band (regions 2 and 7). Negative changes also 
occurred in the superior and mid-posterior left atrium (regions 6and 8). Stimulation of the neural elements 
contained in the right atrial fat pad (RAGP) affected mainly the sinus node region but also exerted effects 
of the opposite polarity on discrete portions of the left atrium. Stimulation of the right and left stellate 
ganglia induced significant responses in the medial right atrial wall (positive) and left atrial appendage 
(negative). RVSC, Right vagosympathetic complex; LVCS, left vagosympathetic complex; RAGP, right 
atrial ganglionated plexus (fat pad); RSG, right stellate ganglion; LSG, left stellate ganglion. 
Fig. 5. A through D, Isoarea maps of spontaneous rhythms under basal conditions and neural stimulation 
in selected preparations. Isoarea lines delimit color-coded zones including points where QRST area 
measurements were within a given 60 inV. msec range of values (see color coded scale at the bottom). 
Each isoarea map was photographed from the computer video screen. Increases in T-wave amplitude are 
shown as positive values (green to blue), whereas reductions of T-wave amplitude or inversion are 
represented as negative values (orange to brown). The major effects common to the right and left 
vagosympathetic s mulation and right atrial ganglionated plexus consisted of a green-blue shift in the right 
atrial free wall. Effects of stellate ganglion stimulation were more variable. Typically, right stellate ganglion 
stimulation (B and D, RSG maps) induced positive changes in the right atrial wall (eight preparations) and 
left atrial appendage (seven preparations). In preparation B, left stellate ganglion stimulation (LSG map) 
induced changes that were restricted to the sinus node region. The two maps obtained after atropine 
administration (RAGP-AT) show disappearance of positive changes in the right atrium when compared 
with RAGP maps. RVSC, Right vagosympathetic complex; LVCS, left vagosympathetic complex; RAGP, 
right atrial ganglionated plexus (fat pad); RSG, right stellate ganglion; LSG, left stellate ganglion. 
Fig. 5. For legend see opposite page. 
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atrial medial free wall (region 1, which includes the 
sinus node), which occurred in response to stimulation 
of each nerve. Significant negative changes occurred in 
the left atrium in response to stimulation of the left 
vagosympathetic complex, right atrial ganglionated 
plexus, and right or left stellate ganglia. The results 
did not differ whether QRST area was calculated 
during left atrial pacing or spontaneous rhythms. 
Neurally induced QRST isoarea map changes. 
Despite the significant variability occurring between 
preparations, maps obtained under basal conditions 
showed typical patterns of QRST area values. In one 
pattern (six preparations), null or slightly negative 
QRST area values were identified in the right 
atrium (Fig. 5, A and C, BASAL maps). In another 
pattern (10 preparations), a narrow band of positiv- 
ity appeared in the lower right atrial free wall (Fig. 
5, B and D, BASAL maps). During stimulation of 
neural structures, the maps generated from sponta- 
neous rhythms were similar to those obtained uring 
left atrial pacing. 
Stimulation of the right vagosympathetic complex 
induced ashift to positive QRST polarity in the right 
atrial free wall (Fig. 5, A, B, and D, RVSC maps). 
Interanimal variability of responses occurred, as 
illustrated by the fact that right vagosympathetic 
complex stimulation i duced similar global patterns 
of effects, albeit with a variable distribution in the 
right atrium (e.g., Fig. 5, A and B, RVSC maps). 
Stimulation of the left vagosympathetic complex also 
induced changes in both atria. The area over which 
such changes occurred was smaller than those in- 
duced by right vagosympathetic complex stimulation 
(31 _+ 17 cm 2 and 43 _+ 10 cm 2, respectively, p < 
0.01). Positive QRST area changes were induced in 
eight preparations. Typical examples are shown in 
Fig. 5, A and D (LVSC maps). 
When changes occurred in response to stelIate 
ganglion stimulation, they generally occurred in both 
the right atrial wall and left atrial appendage, but 
they were restricted to a mean of two atrial regions 
(Fig. 5, RSG and LSG maps). The changes so 
induced encompassed 18_+ 13 cm 2 and 14 _+ 15 cm 2 
for the right and left stellate ganglia, respectively. In
a preparation i which left stellate ganglion stimu- 
lation did not affect sinus rate, negative changes 
were found only in region 5 (left atrial appendage), 
without an effect in the sinus node region. 
Stimulation of loci in the right atrial ganglionated 
plexus produced positive changes in the sinus node 
area and the right atrial free wall. These effects were 
similar to those induced by right vagosympathetic 
complex stimulation but, in 14 preparations, encom- 
passed smaller regions of the right atrium (31 + 
13 cm 2 and 43 + 10 cm 2, respectively, p < 0.01; Fig. 
5, B, C, and D, RAGP maps). In one animal, 
stimulation of a specific locus in the right atrial 
ganglionated plexus produced an increase in heart 
rate, suggesting a sympathetic efferent neuronal 
effect. Accordingly, the isoarea map (not shown) did 
not exhibit the modifications usually induced by 
parasympathetic stimulation in the right atrium, 
showing changes imilar to those induced by right 
stellate ganglion stimulation. In another experi- 
ment, positive changes were induced in the left atrial 
appendage that were not seen when the right vago- 
sympathetic complex was stimulated (Fig. 5, B, 
RAGP and RVSC maps) but that were similar to 
those generated when the right stellate ganglion was 
stimulated (Fig. 5, B, RAGP and RSG maps). Effer- 
ent sympathetic neural elements in the right atrial 
ganglionated plexus were also identified after atro- 
pine administration i  11 preparations because the 
induction of positive QRST area changes in the 
right atrium was inhibited (Fig. 5, C and D, 
RAGP-AT maps), whereas changes imilar to those 
generated in response to right (five preparations) or
left (one preparation) stellate ganglion stimulation 
were induced. In Fig. 5, D, an RAGP-AT map is 
shown next to an RSG map for comparison; simi- 
larities between the two interventions can be seen in 
the right atrium and in the left atrial appendage. 
These data indicate that the right atrial ganglionated 
plexus may contain neural elements originating 
from neural structures other than the right vagosym- 
pathetic omplex, possibly from the right stellate 
ganglion. 
Incidence of QRST area changes. Despite the 
fact that similar patterns of QRST area map 
changes were associated with specific neural struc- 
tures, stimulation of a given neural structure did not 
induce changes greater than the _+100 mV.msec 
threshold in all atrial regions of all preparations 
(Fig. 6). The right and left vagosympathetic com- 
plexes and the right atrial ganglionated plexus 
induced changes in all animals (right atrium: 16, 14, 
and 16 preparations, respectively; left atrium: 14, 
14, and 13 preparations, respectively). In contrast, 
right and left stellate ganglion stimulation induced 
changes in the right atrium in nine and six prepara- 
tions, respectively, and in the left in seven prepa- 
rations each, but failed to elicit atrial changes in 
any region in three and four preparations, respec- 
tively. 
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Fig. 6. Histogram representing incidence, among 16 preparations, of QRST area changes beyond _+ 100 
inV. msec in response to nerve stimulation. The incidence of specific regional effects was assessed by 
counting the number of preparations that displayed QRST area changes beyond a threshold of + 100 
inV. msec corresponding to 2 standard eviations of repeated measurements made under basal conditions. 
Abbreviations for nerves are as in Fig. 4. LAA, Left atrial appendage (regions 5 and 6); LAFW,, left atrial 
free wall (regions 4 and 8); RAA, right atrial appendage (region 3); RAFW, right atrial free wall (region 2); 
SNA, sinus node area (region 1). 
Discussion 
The spatial distribution of repolarization changes 
induced by neural stimulation was determined by 
means of QRST isoarea maps obtained from multi- 
ple atrial recording sites, as done previously with 
respect to ventricular electrical events. 28 The data so 
obtained indicate that the autonomic nervous sys- 
tem displays a heterogeneity of atrial electrical 
responses when its various extrinsic and intrinsic 
neural elements are stimulated electrically. 
Consistent QRST area changes were induced in 
the right atrial free wall during stimulation of the 
right and left vagosympathetic complexes, as well as 
the right atrial ganglionated plexus. These changes 
were associated with a caudal shift of the atrial 
pacemaker site as seen in corresponding isochronal 
maps (see Fig. 2). Although parasympathetic stim- 
ulation induced such changes in the sequence of 
electrical activation of the atrium, the similarities 
between QRST area maps generated uring spon- 
taneous rhythms and those obtained uring constant 
left atrial pacing suggest that the QRST area of local 
atrial electrograms i not affected by conduction 
changes. Similar vagal effects on atrial pacemakers 
have been reported previously, as well as the induc- 
tion of atrial fibrillation by vagal stimulation, g' 33-35 
QRST area changes were also induced by vagal 
stimulation in other atrial regions (see Fig. 4). 
However, it is noteworthy that no preferential dis- 
tribution of the right or left vagosympathetic com- 
plexes on either the right or left atrium was clearly 
demonstrated. 
Our data also indicate that stimulation of loci in 
the right atrial ganglionated plexus induced changes 
in regions of the right atrium remote from the sinus 
node region and also in the left atrium (Fig. 4, Fig. 
5, B, C, and/9, and Fig. 6), indicating that neural 
elements in the right atrial ganglionated plexus 
project to many more atrial sites than suggested 
previously.12, 15, 16, 18, 36, 37 Efferent parasympathetic 
innervation of the canine sinoatrial node has been 
reported to arise from parasympathetic neurons in 
the right atrial ganglionated plexus. 1°-12' 15-18, 36 Fur- 
thermore, data reported herein demonstrate that 
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(1) the right atrial ganglionated plexus contains not 
only efferent parasympathetic neural elements but 
sympathetic ones as well and (2) all of these neural 
elements when activated can modify tissues 
throughout both atria. These data are in accord with 
those describing atrial contractile responses to stim- 
ulation of the right atrial ganglionated plexus. 14 
Atrial effects elicited by stellate ganglion stimula- 
tion were of a lesser magnitude and occurred with 
a lower incidence. Although small, QRST area 
changes induced by stellate ganglion stimulation 
were regionally distributed (see Figs. 4 and 5). The 
fact that right stellate ganglion stimulation affected 
the sinus rate in all preparations whereas left stellate 
ganglion stimulation produced such chronotropic 
responses in only 11 of the 16 preparations is 
consistent with the classic notion of preferential 
innervation of the sinus node from the right stellate 
ganglion.6, 3s This was corroborated by the fact that, 
in a preparation in which left stellate ganglion 
stimulation did not affect sinus rate, the repolariza- 
tion changes were restricted to the left atrium and 
did not extend to the sinus node region. 
QRST area changes identified in the present 
study are consistent with heterogeneous modifica- 
tions of repolarization. The nonuniform distribution 
of atrial refractory period shortening is a widely 
known effect of vagal stimulation. 19-2~ Using refrac- 
tory period determinations by the extrastimulus 
technique, Zipes, Mihalik, and Robbins 2° have 
shown that right vagal stimulation elicits greater 
effects in the right atrium than the left atrium and 
that shortening of atrial refractory periods are more 
pronounced uring right than left vagal stimulation. 
The present study not only supported these findings, 
but also provided information depicting the com- 
plexity of atrial parasympathetic innervation. 
QRST areas changes of opposite polarity were 
induced in different regions of the right atrium or 
between the right and left atria when efferent auto- 
nomic neural structures were activated (see Fig. 5). 
Because no detailed information is available con- 
cerning the anatomic patterns of sympathetic or 
parasympathetic nerve projections to the atrial sub- 
epicardial, subendocardial, or intramural regions, it 
is presumed that the direction of changes induced in 
any region, whether positive or negative, was indic- 
ative of local neural effects on repolarization regard- 
less of the polarity of changes. Although dominant 
polarity changes did occur (see Fig. 4), positive or 
negative changes were elicited in any given region 
during stimulation of a specific neural element in 
different dogs (see Fig. 5). The medial right atrial 
wall (region 1, which contains the sinoatrial node) 
was the only atrial region in which changes of a 
given polarity (positive) consistently occurred when 
similar neural elements were stimulated. Many of 
the neural structures stimulated contain mixed sym- 
pathetic and parasympathetic neural elements (va- 
gosympathetic complexes and right atrial ganglion- 
ated plexus). Similarity of results elicited in the 
cranial eft atrium when the right atrial ganglionated 
plexus or the right stellate ganglion was stimulated 
could be interpreted as implying that sympathetic 
efferent neural elements arising from the stellate 
ganglion course through the right atrial ganglion- 
ated plexus. 
Surgical implications. The efferent neuronal 
projections to the atria were defined with a high 
degree of spatial and temporal resolution by map- 
ping atrial QRST area changes, revealing a highly 
individualized and consistent pattern of atrial inner- 
vation in each preparation. When several prepara- 
tions were considered, marked interindividual vari- 
ability was noted; however, common features were 
identified between preparations. The present study 
demonstrated a wider atrial distribution of individ- 
ual right- or left-sided autonomic neurons than 
previously appreciated. This method may be helpful 
to investigate the effects of currently used surgical 
incisions on atrial innervation. For instance, the 
classic approach to the mitral valve made through 
the fat pad containing the right atrial ganglionated 
plexus is likely to alter parasympathetic innervation 
of the sinus node and right atrial free wall. Further- 
more, the data demonstrating considerable overlap 
of postganglionic neural elements uggest hat the 
feasibility of selective denervation of specific por- 
tions of the atrium is uncertain. Extension of such 
structure-function studies to patients may expand 
the surgeon's understanding of mechanisms in- 
volved in disturbances of cardiac rhythm or dynam- 
ics occurring as either primary events or postopera- 
tive complications. 
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